The current research was aimed at probing into the role of long noncoding RNA (lncRNA) PVT1 in the pathogenesis of glioma and the regulatory mechanism of PVT1/miR-128-3p/GREM1 network in glioma via regulation of the bone morphogenetic protein (BMP) signaling pathway. Microarray analysis was used for preliminary screening for candidate lncRNAs and mRNAs in glioma tissues. Real-time quantitative polymerase chain reaction, Western blot, MTT assay, flow cytometry, migration and invasion assays, and xenograft tumor model were utilized to examine the influence of the lncRNA PVT1/miR-128-3p/ GREM1 network on the biological functions of glioma cells. Luciferase assay and RNA-binding protein immunoprecipitation assay were used to validate the miR-128-3p-target relationships with lncRNA PVT1 or GREM1. In addition, the impact of GREM1 on BMP signaling pathway downstream proteins BMP2 and BMP4 was detected via Western blot. LncRNA PVT1 was highly expressed in human glioma tissues and significantly associated with WHO grade (I-II vs III-IV; p < 0.05). There existed a regulatory relationship between lncRNA PVT1 and miR-128-3p as well as that between miR-128-3p and GREM1. MiR-128-3p was downregulated, whereas GREM1 was upregulated in glioma tissues in comparison with para-carcinoma tissues. Overexpression of GREM1 promoted the proliferation and metastatic potential of glioma cells, whereas miR-128-3p mimics inhibited the glioma cell activity through targeting GREM1. Furthermore, lncRNA PVT1 acted as a sponge of miR-128-3p and, thus, influenced the BMP signaling pathway downstream proteins BMP2 and BMP4 through regulating GREM1. LncRNA PVT1 modulated GREM1 and BMP downstream signaling proteins through sponging miR-128-3p, thereby promoting tumorigenesis and progression of glioma.
Introduction
Human glioma that is derived from the neural ectoderm is the most common type of intracranial neoplasm, accounting for more than 50%. Gliomas are classified by the World Health Organization (WHO) and numerically graded (I-IV) for pathologic features of malignancy [1] . Furthermore, glioma is also 1 of the most malignant human brain tumors with high morbidity and low survival rates [2] . Clinical therapy of glioma depends on the size, type, grade, and location of the tumor, as well as the age and overall health of the patient, and mainly consists of surgical resection followed by radiotherapy, chemotherapy, Chinese medicine treatment, gene therapy, and so on [3] . However, the mortality or recurrence of glioma is still high because of resistance to traditional chemotherapy [4] , and the in-depth pathogenesis of glioma remains to be elaborated, including aberrant activation of proto-oncogenes and inactivation of tumor suppressors [5] . Therefore, it is of significant importance to enhance insights into the molecular mechanism and develop effective methods for the diagnosis and treatment of glioma.
Long noncoding RNAs (lncRNAs) are commonly defined as a type of nonprotein-coding RNA, which transcripts with more than 200 nucleotides in length and lacks protein-coding ability [6] . Prior researches have demonstrated that lncRNAs are involved in tumorigenesis and development of various types of diseases, playing an important role in target therapy and prognosis [5, 7] . LncRNAs are also thought to function as either a tumor facilitator or suppressor in different kinds of cancer [8] , which are often deemed potential biomarkers in cancers [9] . Some carcinogenic lncRNAs like H19, CASC2, and HOTAIR are found to be dysregulated [10] . Located at 8q24, lncRNA PVT1 has been identified as a candidate oncogene and highly expressed in multiple human neoplasms, which exerts regulatory functions in biological processes, such as proliferation, apoptosis, mobility, and invasion [11] . Furthermore, the specific role of lncRNA PVT1 in the pathogenesis of glioma has become a viewpoint, as there were quite a few studies on the roles of PVT1 in glioma [12] . However, the underlying lncRNA-miRNA-mRNA regulatory networks involved with PVT1 in glioma are currently lacking.
MicroRNAs (miRNAs) are small noncoding RNAs, approximately 22 nucleotide RNA molecules that primarily serve as antisense regulators of gene expression [13] . Differentially expressed miRNAs are perceived to play distinct modulating roles in biological processes [14] . For instance, miR-218 affects chemotherapy sensitivity by modulating the cell cycles of cancer cells [15] . Subsequent studies have suggested that miRNAs are implicated in carcinogenesis as a novel class of oncogenes or carcinostasis as tumorsuppressor genes. Therefore, miRNAs have been considered as novel and highly promising therapeutic targets for cancer therapy [16] . Emerging evidence revealed that miRNAs were abnormally expressed in various cancers. For instance, Sun et al. [17] verified that miR-128 promoted the growth of prostatic xenograft tumors through downregulating 3 key proapoptotic genes. Some previous researches have indicated that miR-128 was significantly downregulated, which might be potential cancer suppressors in different types of cancers, such as neuroblastoma [18] , glioblastoma [19] [20] [21] , lung cancer [22] , and acute lymphocytic leukemia [23] . Besides, miR-128-3p has been found to exhibit a low expression and inhibit cell proliferation, suppress tumor growth, and block angiogenesis in glioma [24] . Nevertheless, the regulatory function of lncRNA PVT1/miR-128-3p axis in glioma cells needs to be further explored.
Gremlin 1 (GREM1), which encodes a member of the BMP (bone morphogenetic protein) antagonist family, may play a role in regulating organogenesis, body patterning, and tissue differentiation. A previous literature has revealed that GREM1 preferentially binds to bone morphogenetic protein 2 (BMP2) and BMP4 over BMP7 [25] . In addition to the regulation of the BMP signaling pathway [26] , it has also been investigated whether GREM1 participates in epithelial mesenchymal transition by the regulation of the Smad pathway [27] . RNA and protein analysis indicates that GREM1 expression associates with favorable prognosis in a variety of cancers, including colon adenocarcinoma [28] , gastric cancer [29] , and so on. Although these studies have suggested a possible tumorsuppressive role for GREM1, recent works have shown an oncogenic role for GREM1 in other tumor types. GREM1 is overexpressed and increases cell growth and proliferation in lung adenocarcinoma [30] . Furthermore, GREM1 promotes carcinogenesis of glioma in vitro [31, 32] .
Herein, the purpose of the present study was to investigate the explicit role of lncRNA PVT1 in the pathogenesis of glioma as well as the potential mechanism of lncRNA PVT1/ miR-128-3p/GREM1 axis in glioma. We delved into the lncRNA-miRNA-mRNA networks by co-expressing lncRNA and mRNA with altered miRNA. Bioinformatics analysis was used to predict possible pathways in which these networks might be involved.
Methods

Tissue Specimens and Cell Culture
In the study, human glioma specimens were obtained from 57 glioma patients with surgery (35 male, 22 female) during the period from 2014 to 2016 at the Department of Neurosurgery of China-Japan Union Hospital of Jilin University, and all tumor tissues were clinicopathologically confirmed as glioma (WHO I/II 26, WHO III/IV 31). Normal brain tissues were randomly collected from 30 patients (18 male, 12 female) undergoing brain tissue resection for craniocerebral injury during the period from 2014 to 2016. All samples were preserved in liquid nitrogen, and all the subjects had not been subjected to radiotherapy prior to the study. All included patients provided a written, signed and dated informed consent form. The Human Research Ethics Committee of China-Japan Union Hospital of Jilin University approved the study.
Human glioma cells (U87, SHG-44, U251, and H4) and normal cells (HEB) were purchased from BeNa Culture Collection (BNCC, Beijing, China). All cells were both cultivated in DMEM containing 10% fetal bovine serum (FBS; Sigma-Aldrich, St.Louis, MO, USA) in an incubator with constant temperature containing 5% CO 2 at 37°C.
Microarray Analysis
Differentially expressed lncRNAs (GPL22449) and mRNAs (GPL22448) were filtered from 9 tumor tissues and 3 healthy tissues by using GEO Expression profiling by array GSE104267. Genes that were differentially expressed across experimental conditions were identified by means of R scripts with Blimma^package. Meanwhile, with the log transformation applied to the microarray data, Bayesian test with Benjamini-Hochberg adjust method [33] and fold change were employed to screen differential genes (p < 0.05, |log (fold change)| > 1).
mRNA Processing by the Search Tool for the Retrieval of Interacting Genes and GSEA The Search Tool for the Retrieval of Interacting Genes database (STRING) is a precomputed global resource for the prediction of functional protein association networks. In this study, the STRING online tool was applied to analyze glioma-related genes with dysregulated expression, GREM1. The outcome of STRING analysis would provide us with the gene ontology (GO) term (including Biological Process (BP), Molecular Function (MF), and Cellular Component (CC) subsets) and KEGG pathways linked to the entered genes. The BGOChord^function in the BGOplot^package of the R software was adopted to visualize their distribution. Afterwards, the expression data of total normalized mRNAs were uploaded to GSEA v3.0 software. The BP gene sets database was used to conduct gene set enrichment analysis. Default weighted enrichment statistic was adapted to process data for 1000 times with normalized p < 0.05 considered to be significantly enriched. Next, the 10 most significantly upregulated and the 10 most significantly downregulated results of GSEA reports were selected to undergo graphics processing using Bggplot2^package in R language.
RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction
After homogenization of glioma tissues or cells, RNAs were extracted using TRIzol reagents (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instruction, followed by the measurement of RNA concentration and purity. Afterwards, extracted RNA was reversely transcribed into cRNA through TaKaRa Reverse Transcription System (TaKaRa, Dalian, China). Quantitative polymerase chain reaction (real-time qPCR) was conducted by using fluorescent quantitation PCR. GAPDH was used as internal reference to detect the expression of lncRNA and mRNA. Detection of miRNAs was performed based on a newly introduced method which used specific stem loop RT primers. Total RNA was extracted by the CTAB method, and a high-efficient and specific stem loop primer for reverse transcription was constructed (5′-GTCGTATCCAGTGC AGGGTCCGAGGTATTCGCACTGGATA CGACAAAG AG-3′). Expression of RNU6-1 RNA (U6) was utilized to normalize the expression of miR-128-3p in all samples. The primer sequences are listed in Table 1 , and the reaction was performed on StepOne Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) and calculated by the 2 −ΔΔC t method.
Vector Construction and Cell Transfection
The experiments were assigned into 8 groups: control, negative control (NC), siRNA-PVT1 (si-PVT1), pcDNA3.0-GREM1 (p-GREM1), miR-128-3p inhibitor, miR-128-3p mimics, miR-128-3p inhibitor + si-PVT1, and miR-128-3p mimics + p-GREM1. Glioma cells were inoculated into 6-well plates before transfection and cell density was adjusted to 70% (6 × 10 5 cells per well). After cultivation for 12 to 16 h, the transfection was performed according to Lipofectamine 3000 manufacturer's instruction. Afterwards, glioma cells were incubated for 48 h in medium containing 10% FBS. Finally, cells were harvested and transfection efficiency was examined and detected through the subsequent real-time quantitative polymerase chain reaction (qRT-PCR) or Western blot assay.
Dual Luciferase Reporter Assay
Dual Luciferase Reporter (DLRTM) was employed to investigate regulatory relationship between lncRNA PVT1 and miR-128-3p as well as between GREM1 and miR-128-3p. PVT1 (or GREM1 3′UTR) fragments containing the predicted wild-type (wt) or mutant (mut) miR-128-3p binding sites were synthesized (RiboBio Co., Ltd., Guangzhou, China) and cloned into the XhoI and XbaI sites of the downstream of 
Renilla luciferase gene in the vector pmirGLO (Promega, Madison, WI, USA). The recombinant plasmids were designated as pmirGLO-PVT1-wt (or pmirGLO-GREM1-wt) and pmirGLO-PVT1-mut (or pmirGLO-GREM1-mut). For luciferase activity assay, approximately 1 × 10 4 HEK-293T cells were plated into 96-well plates and co-transfected with 50 nM pmirGLO-PVT1-wt (or pmirGLO-GREM1-wt) or pmirGLO-PVT1-mut (or pmirGLO-GREM1-mut) and 50 nM miR-128-3p or miR-NC by Lipofectamine 3000 (Invitrogen). Firefly luciferase gene in the vector pmirGLOcontrol (Promega, Madison, WI, USA) was used as the endogenous control to detect transfection efficiency. Cells were harvested and lysed at 24 h after transfection and the luciferase activity was measured using the Dual Luciferase Reporter Assay system (Promega, Madison, WI, USA) according to the manufacturer's instruction. Firefly luciferase activity was normalized to the corresponding Renilla luciferase.
RNA Immunoprecipitation
The RNA immunoprecipitation (RIP) experiment was performed using the Magna RIP RNA Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) following the manufacturer's protocol. U87 and U251 cells were lysed using complete RIP lysis buffer and 100 μl of the whole cell extract was incubated with RIPA buffer containing magnetic beads conjugated with human anti-Argonaute2 (Ago2) antibody (Millipore) for 6 to 8 h at 4°C. Normal mouse IgG (Millipore) was used as a negative control. Samples were washed with washing buffer and incubated with proteinase K at 55°C for 30 min to isolate the RNA-protein complexes from beads. Then, immunoprecipitated RNA was extracted and subjected to qRT-PCR analysis.
MTT Assay
After 24 h of transfection, U251 and U87 cells were digested with trypsin and subjected to the adjustment of cell suspension concentration. Cells were then seeded into 96-well plates at the density of 5 × 10 3 cells per well. After incubated for 0, 24, 48, and 72 h, MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) was added to each well. The mixture was incubated for 4 h in a culture environment with 5% CO 2 at 37°C; 
Flow Cytometry Analysis
U87 and U251 cells were harvested 48 h after transfection, digested with trypsin, centrifuged, and resuspended in the precooled phosphate buffered saline. Afterwards, the glioma cells were cleansed, fixed with 70% precooling ethanol for 12 h at 4°C, and finally subjected to centrifugation. Having been washed with phosphate buffered saline, the cells were added with 100 μl PI dye and 100 μl RNA enzymes and incubated for 30 min at 37°C in an incubator, after precipitation being resuspended slowly and fully. The above assay was carried out at least 3 times and the cell cycle of each group was observed by a flow cytometer.
Anoikis-Induced Apoptosis Assay
Poly-HEMA (Sigma-Aldrich, St.Louis, MO, USA) was dissolved in 95% ethanol through a water bath at 65°C so as to reach the final concentration of 20 mg/ml, and then cells were seeded into 6-well plates (1 ml/well). Anoikis was induced by plating cells on poly-HEMA-coated culture plates, which also prevented the cells from adhering to the plastic culture dishes. After 24 h of growth in suspension, cells with about 5 × 10 5 to 1 × 10 6 /ml concentration were centrifuged, and the supernatant was removed at a low temperature. The harvested cells were resuspended in 200 μl binding buffer (Beijing SBS Genetech Co., Ltd., Beijing, China) and supplemented with 5 μl Annexin V-FITC (Beijing SBS Genetech Co., Ltd., Beijing, China). The mixture was then shaken well in the dark at room temperature for 15 min followed by the addition of 2.5 μl PI. The anoikis-induced apoptosis was determined using the flow cytometry for the cell death detection.
Cell Migration and Invasion Assays
Transfected glioma cells were harvested after cell adherence and 24 h transfection. The cell migration and invasion abilities were determined by Transwell assay. For the migration assay, the transfected cells (2.5 × 10 5 ) were plated in the upper chamber of Transwell assay inserts (Millipore, Billerica, MA, USA) containing 200 μl of serum-free DMEM with a membrane (8-mm pores). Then, the inserts were placed into the wells of the bottom chamber of a 24-well plate filled with conditioned medium. After 24 h of incubation, the cells on the filter surface were fixed with methanol, stained with crystal violet, and photographed with a digital microscope (×200). Cell numbers were calculated in 5 random fields for each chamber. For the invasion assay, the transfected cells (4 × 10 5 ) were plated in the top chamber with a Matrigel-coated membrane (BD Biosciences) in 500 μl serum-free DMEM accompanied by 750 μl 10% FBS-DMEM in the bottom chamber. After a 48-h incubation period, the invasive ability was assessed as mentioned previously for the migration assay.
Western Blot
RIPA buffer was added into the samples, and total protein extraction was achieved after homogenation, lysis, and centrifugation. Total protein concentration was quantified using bicinchoninic acid protein assay kit, and electrophoresis of 20 μg proteins was performed on sodium dodecyl sulfate polyacrylamide gel electrophoresis. The PVDF membranes were sealed with 5% skimmed dry milk for 1 h at room temperature, followed by discarding the blocking solution and being added with rabbit polyclonal to GREM1(1 μg/ml, #ab140010, Abcam), rabbit polyclonal to BMP4 (1 μg/ml, #ab39973), rabbit polyclonal to BMP2 (1:500, #ab14933), and mouse monoclonal to GAPDH (1:500, #ab8245). Having been incubated overnight at 4°C, the membranes were washed with TBST for 3 times and continuously incubated with secondary antibodies horseradish peroxidaselabeled goat anti-mouse IgG and horseradish peroxidaselabeled goat anti-rabbit IgG (both 1:2000). After oscillation and incubation for another 2 h, the membranes were then washed with TBST. The developer was added for 1 min, and then immunoblots were analyzed by using the ImageJ2X software (National Institutes of Health, Bethesda, MD, USA).
Tumor Xenograft Assay
Four-week-old specific pathogen free mice were selected and assigned into 6 groups, each of which was respectively injected with U251 and U87 cells transfected with NC, sh-NC, sh-PVT1; NC, mimic-NC, and miR-128-3p mimic. Approximately 5 × 10 6 cells were inoculated subcutaneously into the right side of mice in each group (8 mice for each group) after acclimatization for 1 week. Tumor volume was measured every other week and calculated using the following formula:
) / 2 (L = the length of the tumor, W = the width of the tumor). At last, mice were sacrificed by cervical dislocation after half a month, and the tumor tissues were extracted and gathered for the subsequent researches. The ethics committee of the Animal Experimental Center of China-Japan Union Hospital of Jilin University approved this study.
Statistical Analysis
The results of all the statistical analyses were presented using GraphPad Prism 6.0. The measure data were presented as the mean ± standard deviation (S.D.). Comparisons of continuous data were analyzed using the independent t test between the 2 groups, whereas categorical data were analyzed by the χ 2 test. Comparisons of continuous data among multiple groups were calculated using 1-way analysis of variance. p < 0.05 denoted a statistically significant difference. Supplementary Fig. 1.A&B) . Among them, 301 lncRNAs were upregulated, whereas 660 lncRNAs were downregulated in glioma tissues. The PVT1 expression level averagely increased 1.36 times among those overexpressed lncRNAs ( Supplementary Fig. 1 . A, p < 0.05). Besides, 764 mRNAs were upregulated and 732 mRNAs were downregulated in glioma tissues. The GREM1 expression level averagely increased 2.20 times in upregulated mRNAs according to the microarray analysis ( Supplementary Fig. 1 . B, p < 0.05). Furthermore, qRT-PCR was utilized to measure the expression levels of 4 lncRNAs (PVT1, NEAT1, MALAT1, and XIST), which were indicative of a higher expression in glioma than in adjacent tissues (Fig. 1A, p < 0.05) . Compared with the other 3 lncRNAs, the expression of PVT1 was remarkably higher both in high-grade glioma and low-grade glioma. Thus, lncRNA PVT1 was selected as the object of follow-up experimental studies. qRT-PCR also indicated that GREM1 was highly expressed in high-grade glioma and low-grade glioma tissues (Fig. 1C, p < 0.05) . Next, we examined PVT1 and GREM1 expression in glioma cell lines (U87, SHG-44, U251, and H4) and normal cells (HEB), and they expressed significantly higher levels in U87 and U251 cell lines (p < 0.01, Fig. 1B, D) . Hence, U87 and U251 cell lines were used for subsequent experiments.
Results
LncRNA
Afterwards, we predicted lncRNA-miRNA-mRNA networks by co-expressing lncRNA and mRNA with altered miRNA. The microRNA Target Scanning Algorithms by Miranda v3.3a and TargetScan were applied to seek for the target of predictions involved with both lncRNA PVT1 and mRNA GREM1. As a result, miR-128-3p was selected in the intersection set between lncRNA-miRNA and miRNAmRNA target specific selectivity ( Supplementary Fig. 1.C) .
LncRNA PVT1 Functioned as a Sponge of MiR-128-3p
Through bioinformatics analysis of potential miRNAs of PVT1 by the online softwares, such as StarBase v2.0 R (starbase.sysu.edu.cn), miRcode (www.mircode.org), and miranda (www.microrna.org), PVT1 was found to contain complementary binding sequences to miR-128-3p seed regions ( Fig. 2A) . It is well documented that miRNAs are presented in the cytoplasm in the form of miRNA ribonucleoprotein complexes containing Ago2, a key component of RNAinduced silencing complex (RISC) [34] . Moreover, lncRNAs can function as miRNA sponges to regulate the activity of miRNAs by interacting with the RISC complex [35] . Therefore, RIP assay was conducted in U87 and U251 cells using antibody Ago2 to verify whether PVT1 and miR-128-3p could interact with Ago2. The RIP assay results demonstrated that PVT1 and miR-128-3p were both significantly enriched in Ago2-containing miRNA ribonucleoprotein complexes relative to the control group (p < 0.01, Fig. 2B, C) , suggesting that PVT1 and miR-128-3p were in the same RISC complex. To further explore whether PVT1 could directly interact with miR-128-3p, luciferase reporter plasmids containing the wild-type or mutated miR-128-3p binding sites in PVT1 were constructed, as presented in Fig. 2A , and cotransfected with miR-control or miR-128-3p into HEK-293T cells. Luciferase reporter assay showed that ectopic expression of miR-128-3p significantly reduced the luciferase activity of PVT1-WT but not that of PVT1-MUT (Fig. 2D) . Taken together, these data indicated that PVT1 directly interacted with miR-128-3p.
Knockdown of LncRNA PVT1 Inhibited Glioma Cell Proliferation, Invasion, and Migration and Affected Cell Cycle and Apoptosis via Regulation of MiR-128-3p
The transfection efficiency of cells was estimated by qRT-PCR ( Supplementary Fig. 2.A) . MTT exhibited that the proliferation capability of U251 and U87 cells in the miR-128 inhibitor group was observably enhanced, whereas silencing PVT1 remarkably weakened cell multiplication in comparison with the control cohort and NC group (p < 0.01). Glioma cell growth in the miR-128-3p inhibitor + si-PVT1 group showed no significant differences (p > 0.05, Fig. 3A, B) . In terms of cell mobility, Transwell assay indicated that silencing PVT1 could decrease the number of migratory and invasive cells, whereas inhibition of miR-128-3p expression considerably strengthened motility and invasiveness of glioma cells (p < 0.01). Likewise, no significant difference was observed for the number of cells in the miR-128-3p inhibitor + si-PVT1 group (p > 0.05, Fig. 3C-F) .
In addition, the influence of the PVT1/miR-128-3p axis on the cell cycle and apoptosis of U251 and U87 cells was examined in flow cytometry assays. It was displayed that the percentage of cells increased at the G 0 /G 1 phase whereas it decreased at the S phase in the si-PVT1 group. On the contrary, the proportion of cells reduced on the G 0 /G 1 stage, whereas it increased on the S stage in the miR-128-3p inhibitor group (p < 0.01); the percentage of cells in the miR-128-3p inhibitor + si-PVT1 group exhibited no significant differences (p > 0.05, Fig. 4A-D) . As for the anoikis-induced apoptosis of glioma cells, it turned out that compared with the control cohort and NC group, the apoptosis rate of U251 and U87 cells rose significantly after silencing PVT1, whereas it considerably fell in the miR-128-3p inhibitor group (p < 0.01). There was no obvious alteration of the apoptosis rate in the miR-128-3p inhibitor + si-PVT1 group (p > 0.05, Fig. 4E-H) . Taken together, knockdown of lncRNA PVT1 inhibited glioma cell proliferation, invasion, and migration and affected cell cycle and apoptosis via regulation of miR-128-3p.
Knockdown of LncRNA PVT1 Exerted a Suppressive Influence on Glioma Growth In Vivo
In addition to in vitro assays, a xenograft tumor model was established in vivo in order to confirm the role of PVT1 in glioma growth. The transfection efficiency of cells was estimated by qRT-PCR ( Supplementary Fig. 2 .C). As exhibited in Fig. 5A , E, compared with the NC group, the size of tumors in mice of the si-PVT1 group were significantly smaller. Moreover, the volumes and weight of tumors in the si-PVT1 group were also remarkably decreased in contrast to those in the NC and si-NC groups (p < 0.01, Fig. 5B, C, F, G) . Furthermore, qRT-PCR also examined the impact of PVT1 on the expression of miR-128-3p in glioma tissues of mice. Compared with the NC group and the si-NC group, miR-128-3p expression was considerably upregulated after knockdown of PVT1 (p < 0.01, Fig. 5D, H) .
MiR-128-3p Targeted and Regulated GREM1
We observed the binding site of miR-128-3p on GREM1 3′ UTR through bioinformatics analysis as well as some forecasting softwares like miranda (www.microrna.org) and TargetScan (www.targetscan.org) (Fig. 6A) . Luciferase assay was employed to validate the regulatory relationship between miR-128-3p and GREM1. The results suggested that compared with the control cohort, the fluorescence intensity of the co-transfected GREM1-wt and miR-128-3p group significantly decreased (p < 0.01), whereas that of the co-transfected GREM1-mut and miR-128-3p group showed no significant differences (p > 0.05, Fig. 6B ), suggesting that there existed a regulatory relationship between GREM1 and miR-128-3p. Furthermore, the effects of PVT1 and miR-128-3p on protein expression of GREM1 were detected via Western blot and qRT-PCR. Compared with the control cohort, GREM1 protein expression in the si-PVT1 group significantly decreased, whereas GREM1 protein expression in the miR-128-3p inhibitor group significantly increased (p < 0.01). GREM1 protein expression in the miR-128-3p inhibitor + si-PVT1 group displayed no significant variance (Fig. 6C , E, p > 0.05). MRNA GREM1 expression followed the same trend by qRT-PCR (Fig. 6D, F) .
Overexpression of MiR-128-3p Suppressed Glioma Cell Proliferation and Affected Cell Cycle and Apoptosis Through Modulating GREM1
The transfection efficiency of cells was estimated by qRT-PCR ( Supplementary Fig. 2.B) . The impacts of miR-128-3p/ GREM1 axis on glioma cell viability and mobility were determined by MTT and Transwell assays. As shown in Fig. 7A , B, in comparison with the control cohort and NC group, the U251 and U87 cell viability in the p-GREM1 group drastically enhanced (p < 0.01), whereas that of cells transfected with miR-128-3p mimic observably weakened (p < 0.01), and there was no significant difference in the miR-128-3p mimics + p-GREM1 group (p > 0.05). Transwell assay indicated the same tendency that the number of migratory and invasive cells in the p-GREM1 group notably increased, whereas miR-128-3p mimic weakened the migration and invasion capability of U251 and U87 cells (p < 0.01). Similarly, cells in the miR-128-3p inhibitor + p-GREM1 group displayed no significant differences (p > 0.05, Fig. 7C-F) . The flow cytometry assays manifested that compared with the control cohort and NC group, the percentage of U251 and U87 cells increased at the G 0 /G 1 phase, whereas it decreased at the S phase in the miR-128-3p mimic group. Conversely, the proportion of glioma cells arrested at the G 0 /G 1 phase significantly reduced, whereas it increased at the S phase in the p-GREM1 group (p < 0.01, Fig. 8A-D) . Meanwhile, we also examined the impact of miR-128-3p/GREM1 axis on glioma cell apoptosis. It turned out that the apoptosis rate increased considerably in the miR-128-3p mimic group, whereas it decreased significantly in the p-GREM1 group (p < 0.01, Fig. 8E-H) . All in all, GREM1 acted as a tumor promoter, whereas miR-128-3p restrained glioma progression via regulation of GREM1.
MiR-128-3p/GREM1 Axis Influenced Glioma Growth In Vivo
In addition to in vitro assays, tumor xenograft assay was conducted in vivo in order to confirm the role of miR-128-3p in the growth of glioma. The transfection efficiency of cells was estimated by qRT-PCR ( Supplementary Fig. 2.D) . As exhibited in Fig. 9A , E, compared with the NC group, the size of tumors in mice of the miR-128-3p mimic group was significantly smaller. Moreover, the volumes and weight of tumors in the miR-128-3p mimic group were also remarkably decreased in contrast to those in the NC and mimic-NC groups (p < 0.01, Fig. 9B, C, F, G) . Furthermore, qRT-PCR also examined the impact of miR-128-3p on the expression of GREM1 in glioma tissues of mice. Compared with the NC group and the mimic-NC group, GREM1 expression was considerably downregulated after overexpression of miR-128-3p (p < 0.01, Fig. 9D, H) .
PVT1 Regulated the Regulation BMP Signaling Pathway Through the MiR-128-3p/GREM1 Axis
When it comes to the downstream signaling pathway, previous researches have reported that increased GREM1 expression is predicted to cause reduced BMP pathway activity, a mechanism that also underlies tumorigenesis [25, 36] . According to the exports of STRING analysis, BP functional enrichments in the GREM1-related network included enzymelinked receptor protein signaling pathway (GO:0007167), regulation of the BMP signaling pathway (GO:0030510), and regulation of canonical Wnt signaling pathway (GO:0060828), which were displayed in different colors in Supplementary Fig. 3 .A. The BGOChord^function generated a circularly composited overview of differential genes in glioma and their assigned GO_BP terms ( Supplementary   Fig. 3.B) . Furthermore, based on the enrichment scores from the GSEA report, the 10 top and down scored GO_BP terms in glioma were demonstrated ( Supplementary Fig. 3.C) . After cross-checking those results, we narrowed down our interesting pathways into 1 mutual option, the regulation of the BMP signaling pathway. Bioinformatics analysis was used to display the lncRNA-miRNA-mRNA network PVT1/miR-128-3p/GREM1 in which the possible pathway, the regulation of the BMP signaling pathway, might be involved (Supplementary Fig. 3.D) . We further investigated the effects of network on the proteins BMP4 and BMP2 of the downstream BMP signaling pathway. As manifested by Western blot (Fig. 10A, C , E, G) and qRT-PCR (Fig. 10B, D, F, H) assays, the expression level of BMP4 and BMP2 in both the si-PVT1 group and miR-128-3p mimic group was observably decreased, whereas it was significantly increased in the miR-128-3p inhibitor and p-GREM1 groups (p < 0.01). The expression of BMP4 and BMP2 showed no significant differences in neither the miR-128-3p mimic + p-GREM1 group nor the si-PVT1 + miR-128-3p inhibitor group (p > 0.05). All the above results suggested that lncRNA PVT1 restrained the activation of the BMP signaling pathway through the miR-128-3p/GREM1 axis.
Discussion
In the experiment, lncRNA PVT1 was highly expressed in human glioma tissues and cell lines. There existed a regulatory relationship between lncRNA PVT1 and miR-128-3p as well as between miR-128-3p and GREM1. MiR-128-3p was downregulated, whereas GREM1 was upregulated in glioma tissues compared with adjacent normal tissues. Furthermore, overexpression of GREM1 promoted the proliferation and metastatic potential of glioma cells, whereas miR-128-3p mimic inhibited the biological functions of glioma cells by targeting GREM1. Ultimately, we demonstrated that lncRNA PVT1 acted as a sponge of miR-128-3p and influenced the regulation of the BMP signaling pathway as well as the downstream signaling proteins BMP2 and BMP4 through regulating GREM1.
A growing body of studies have indicated that long noncoding RNAs serve as competing endogenous RNAs during oncogenesis [37] . LncRNA PVT1 is reported to be involved in tumorigenesis and progression of many malignancies, including cervical cancer [38] , nonsmall cell lung cancer [39] , pancreatic cancer [40] , and so forth. In the recent years, some emerging evidence has suggested that silencing PVT1 could inhibit malignant biological behaviors of glioma cells. For instance, Xue et al. [41] unraveled that knockdown of PVT1 weakened the malignant behaviors of glioma cells via the inhibition of cell motility and invasiveness. Yang et al. [42] also substantiated that downregulation of PVT1 expression resulted in decreased cell viability and mobility and increased apoptosis. In addition, lncRNAs can act as competing endogenous RNA sponges for miRNAs to regulate the degradation of miRNA targets, thereby influencing post-transcriptional regulation [43] . Herein, we first screened significantly differential lncRNAs according to the microarray analysis, of which lncRNA PVT1 was observed to be highly expressed in glioma, and then validated the regulatory relationship between PVT1 and miR-128-3p through bioinformatics analysis, luciferase reporter assay as well as RIP assay. The present study further confirmed that transcriptional activation of PVT1 contributed to oncogenesis, whereas knockdown of PVT1 impaired oncogenic function of miR-128-3p in glioma cells. MiR-128-3p, known as miR-128, is the same major mature microRNA of miR-128-1 and miR-128-2, which are located on chromosomes 2q and 3q, respectively [44] . Concerning the roles of miR-128 in tumorigenesis and development, research has demonstrated that miR-128 can regulate the proliferation, differentiation, and apoptosis of various types of tumor cells. Firstly, the expression of miR-128-3p was found to be markedly decreased in ovarian cancer, nonsmall cell lung cancer, and glioma [24, 44, 45] . Shi et al. [46] found that miR-128 overexpression acted as a tumor suppressor by targeting p70S6K1, consequently attenuating tumor development and progression in glioma. This result was similar to our present study, in which overexpression of miR-128-3p not only suppressed glioma cell proliferation but also affected cell cycle and apoptosis through modulating GREM1. Conversely, miR-128 expression was reported to be high in prostate cancer [47] . Thus, miR-128-3p was regarded as a tissue-specific factor.
BMPs, such as BMP2 and BMP4, are members of the transforming growth factor-β superfamily [25] . BMP signaling is modulated through different mechanisms: intracellularly by the Smad pathway (Smad 6 and Smad 7), miRNAs, and methylation, and extracellularly by BMP antagonists such as Gremlin-1 (GREM1) [48] . GREM1, known as a BMP antagonist containing cystein knots and typically forming homo-and heterodimers, exerts an inhibitory effect by directly binding to BMP dimers, preventing their interaction with BMP receptors, as well as blocking BMP secretion and increasing extracellular BMP endocytosis [49, 50] . GREM1 has been reported to play a role in cancer oncogenesis [51] , and its expression is significantly upregulated, which may trigger the motility of cancer cell cohorts [52] and the activation of BMP downstream signaling [32] . Furthermore, many previous researches have demonstrated that BMP expressions are elevated in gliomas, especially BMP2 and BMP4 [32] , which are regulated by GREM1 [53] . In the current research, we elaborated the regulatory mechanism of the PVT1/miR-128-3p axis on GREM1 and the regulation of the BMP signaling pathway and ultimately demonstrated that PVT1 promoted GREM1 via inhibition of miR-128-3p, thereby modulating downstream proteins BMP2 and BMP4 of the BMP signaling pathway.
However, there were some limitations worthy to be considered in this study. Marker proteins of cell cycle arrest (cyclins A, D, E) and death (p53, bax) should have been measured to test the cell percentages of apoptosis and each cell cycle phase. The BMP signaling pathway should be further studied on a better explanation for the regulatory mechanism of lncRNA PVT1 in glioma. Furthermore, the regulatory mechanism of the PVT1/ miR-128-3p/GREM1 network in other biological functions of glioma cells remains to be investigated in future researches.
In summary, lncRNA PVT1 and GREM1 were overexpressed, whereas miR-128-3p was downregulated in glioma tissues and cells. Meanwhile, we also validated the regulatory relationships between miR-128-3p and lncRNA PVT1 or Fig. 11 A final figure summarizing the major findings of this study and showing the integration of the lncRNA-microRNA-mRNA network and epigenetic regulation pathways. (A) LncRNA PVT1 and GREM1 were overexpressed, whereas miR-128-3p was downregulated in glioma tissues and cells. Meanwhile, we also validated the regulatory relationships between miR-128-3p and lncRNA PVT1 or GREM1. (B) Our study substantiated that lncRNA PVT1 modulated GREM1 and BMP signaling pathway through functioning as a sponge of miR-128-3p, thereby promoting tumorigenesis and progression of glioma GREM1. Our study substantiated that lncRNA PVT1 modulated GREM1 and BMP signaling pathway through functioning as a sponge of miR-128-3p, thereby promoting tumorigenesis and progression of glioma. A final figure summarizing the major findings of our study is presented in Fig. 11 , covering the integration of the lncRNA-microRNA-mRNA network and epigenetic regulation pathways. That way, the reasoning goes that our study not only contributed to the intensive study on the explicit mechanism of lncRNA PVT1 but provided promising therapeutic targets for the treatment of glioma.
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